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Abstract

Future plans for planclary exploration currentl y include using multiple spacceraftto simultancously explore one
planct.  This never before cncountered situation, places ncw demands on tracking sysicms used to support
navigation. One possible solution to the problemof heavy ground resource conflicts is the usc of multi-
spacecraft coherent radio metric data, also known as, bent-pipe data.  Analysis of the information content of
these data types show that the information content of mult i-spacecraft Doppler is dependent only on the
frequency of the fina downlink leg and is independent of the frequencies used on other legs. Numerical analysis
shows that coherent hent-pipe data can provide significantly beuter capability to estimate the location of alander
on the surface of Mars, than can dircct lander to Earth radio metric data.  However, |bis is complicated by
difficultics in separating the cffectof alander position error from that o{ an orbiter position error for single passes
of data. Additional analysis is required to determine the separability for longer data arcs.

Introduction

As plans arc being made 10 send muwliple spacecraft simultancously to the same planct, ithas bccomc apparent that this
places a considerable burden on the ability of Earth based tracking resources 10 provide the levels and types of support
traditionally provided. in the past NASA’s Deep Space Network (DSN} has been able to mectthe needs of spacecraft
whose visibifity periods overlapped by using extra resources or by negotiatcd compromises in scheduling. This was in
part achicvable because overlapping visibilit y periods were. genera 1y a transient phenomena, which orbital motion would
correct. However, with the development of the Mars Surveyor program, itis planned that the DSN will have to support
multiplc spacecraft in orbit around or landed on the surface of Mars. During certain phases of this program, it is
envisioned that four or more spacccraft (some combination of hinders and orbiters) may simultancously bcin operation
This will require the development of ncw technigues and operational methods, including in the arca of navigation.

Traditionally operational deep space navigation has been performed by using coherent 2 way Doppler and ranging
between an Earth station and the  spacecraft.  1n this mode of operation an uplink signal is sent from the Earth to a
spacecraft, where the frequency of the receivedsignal is used by the spacceraftto control the frequency of the signal
transmittied back toEarth. Additionally, a ranging signal (or signals) can be modulated on the uplink, demodulated by
the spacecraft receiver and remodulated onto the downlink, allowing for the measure. of the round-trip light lime to the
spacecraft. These recking datatypcs were provided in passes which typically lasted from four to cight hours. The total
amount of coverage varied from three passes/per week to continuous coverage. It can be seen thatit would be difficult to
provide thislevel of support 10 1 wo or more spacecraft which have a 100% visibility overlap without committing large
amounts of DSN ground resources for years a a time.

Alternative tracking methods do exist, such as recciving a noncoherent downlink with a multichannel receiver.  This
however, places a greatreliance on the stability of the spacecraft oscillator. Analysis (Ref. 1) indicates that rcasonable
accuracies can bc met with such anoncoherentsystem, but that these accuracics are not equal to a coherent system. A
second option is to track one spacecraft in the traditional mann¢r, and to have that spacecraft receive, process, and
telemeter 1o the Earth noncoherent signals sent by other spacect aft which are ncarby.  Such asystem has significant
advantages in that the radio systemfor the secondary spacceraft can be much smaller inthatit is not necessary to
provide a link to the Earth. However this system is highly dependent on the stability of oscillators on both spacecraft and
onthe accuracy of the Doppler extraction and telinetering system on the relay.  Analysis performed to support the never
cxercised MBR relay, between Russian Mars landers and the Mars Observer spacecraft (Ref. 2.) indicates that by far the
limiting error source for thatsysiemn was the stability of the lander oscillator.  lowever a system midway between the
current coherent tracking process and the tclemetered system could be developed.  This system would utilize a coherent



radio link between the Karth station and both spacecraft. This “bent-pipe” data would not have any dependence on
spacecraft oscillators, would not require a Doppler extraction/tclcmctry system, and would not require the support of
simultaneous uplinks from the Earth.

Bent-Pipe ‘hacking

A bent-pipctracking scheme is illustrated in Figure 1. In this case a radio signalof frequency, fw, is broadcast from an
Earth station. This signal is received by the first spacecraft (SCt), with the shifted frequency, fr., and then is coherently
rebroadcast with frequency, fus, to the second spacecraft (SCz), where the received frequency is fr.. SC2 then coherently
rebroadcasts the data with frequency, ftz, to SCi, where it is received with the frequency, i, and coherently broadcast
with the frequency, fus. Finally the signal is received at the Earth station with a measured recej ipt frequency of fr. The

length and rate of change of the length of the four radio links are designated respectively, P1. P1,p2. P2, P3.P3, and P4, P,

14gure 1. Two spacecraft bent pipe tracking

Observables
By convention, the Doppler radio metric observable, O, is defined as:
O = fll rpra2riz- fxu <1 ‘,q I>

where:




ri=the frequency turnaround ratio between leg 1 & leg 2(1?5‘)
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However, working backward from the received signal, fr:
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pa= the rate of change of the length of the final radio link
€4= noise and other effects (including transmission
media) on the fina downlinkleg
¢ = the speed of light

wheie:

In the interest of streamlining the notation, unction is introduced to replace the first factor ontheright hand side of Eg.
2, the Doppler shift multiplier.

X
dpy={- - €
(é) <Eq .3>

s

thereby reducing Eq.. 2 to:
fr. = d(r'u) fiyn 484 <Kq. 4>

Given the definition of the turn around ratio, it is possible to redefine fus:

fiyp =13 fryy, <Eq. 5>
liowever,
fryp = d(b-‘) fi,-tes <liq.6>
where:
p3=: the rate of change of the length of the second
intermediate leg
€3=noise and other effects (including transmission
media) on the second intermediate leg
recursively substituting Iiq.. 6 into Eq.. 5 and that result into Eq.. 4:
<liq. 7>

frn:, = d(b.j)l'} (d(b{)f{z + 83) + E4

which expands to



= d(pa) d(ps) ra fiy + dlpa) 13 €3 + €4

repeating the steps of Fq.. 5 and Eq.. 6 on the transmission leg from SCito SCa:

f[z =I2 fr2

f, = d(f)z) fi, 4 €2
recursively substituting as before
fr = d(fu) d([');) d(pz) r3 r2 fi, -t d(;')4) d(fw;) r3r2 €+ d(m) r3 €3+ €4 -
continuing to the Earth to SCileg:
fiy, =11 fry
fr, = d({);) fig 4 €1
and as before

= d(fh) (1([.)3) d(bl) d(pl) r3r2 fxE + d(fM) d(p_x) d(fY/) 13 r2 11 €y
+d(f)4) d(pa) ra r2 €24 d(m) r3es+eq
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Assuming for the purposes of this data content analysis that the final four terms in kq..13 are very small in comparison to

the first term and can be dropped, 1iq..13 simplifies to
foy, = d(pa) d(pa) d(p2) d(p) 13 72 11 fu

substituting back in the function introduced in lig..3:
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since al of the © terms arc much smaller than ¢, the numerator of Eq.. 15a can be approximated as 1 (this has the effect

of ignoring the relativistic correctiontothe Doppler shift) and the numerator expanded.
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Ignoring all second order effects, Eq.. 16 can be further approximated and simplified to

1- 9' P2 P3P r3 fy,

frEz( c ¢ ¢ «¢) <kq. 17>

substituting Egq.. 17 into Eq..1:
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c <kq. 18>
and finaly
0= {Pl +“& _}“9.3, + Pirn 13 fy;
(¢ @& cc ¢ <kq.19>
A bent-pipe range observable, R, is defined as:
R=P14 P2 P3P n(A)
C ¢ ¢ ( <liq. 20>

where:

P1--- P4 = the path length of each radio link
n= unknown integer multiplier
A = range modulus (a function of ground hardware configuration)

Given the definitions of the range and Doppler observable from Eq.'s 20 and 18, the sensitivity of the observable to any
parameter zcan be readily calculated.
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A conclusion that can be readily drawn from Eq.’s 21 and 22 that is not intuitive is that the information content in a
coherent radio metric data point is (to first order) only dependent on the frequency on the final downlink leg. For
example, for a radio link where the first leg is X band, the second is S-band, the third is S-band, and the final leg is X-

n=221 = 02051 r,=240 = 1086
band, typical values for the three turn around ratios and transmit frequency arc. 749 , 221 ,
r; = 880 = 3 666
© 240 ,and 1iy"7.2 GHz (Ref. 3), while for an S-band/UHI/UHE/X-band link the corresponding values would

n=-25=0.1894 1, = 749 - 1.016 r3= 13840 = 20.69 i
be 132 737 669 , and T = 2.1 GHz_ 1 n both of these examples, the term,

riv2r3 i, is equal to 8.4 GHz. This result is more than simply an interesting detail. Since to first order (and ignoring
transmission media effects), the data content does not depend on the frequency of’ the inter-spacecraft links, the choice




of frequencies and transponders for the this link can be made without regardto navigation issues. This can be a
significant cost savings issue. Additionally from an operational perspective, it is not possible (without extra information)
for the operator of the ground tracking system to know what frequency is beingused on the spacecraft/spacecraft link.
However all that is required is that the-pr~duc[ of the three turn around ratios be known. -
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Figure 2: Comparison of bent pipe Doppler and traditional Doppler lander Z-height sensitivity

Numerical Analysis

Equations 19 and 22 give the partial derivatives of a Doppler and range observation with respect to an arbitrary parameter
z.From these it is possible to calculate the approximate sensitivity of a number of observations to parameters of interest.
For the purpose of this initial study, the case of an orbiter about Mars and a lander on the surface is examined, The
orbiter in question, is in a near polar orbit with a semi-rngjor axis of 3775 km. This is the approximate orbit planned for
Mars Observer and currently planned for Mars Global Surveyor (Ref. 4). A lander is located at approximately 30° North
latitude. One quantity of strong interest is the ability to determine the location of the lander on the surface. It has been
known for some time that Earth based tracking of landers on Mars has difficulty in determining the Z - height component
of tbe position vector in a cylindrical coordinate frame. Figures 2 and 3 clearly show that bent-pipe Doppler and range
data exhibit a sensitivity to this parameter that is more than an orde: of magnitude larger than that for direct lander/Barth
tracking. It should be noted that given the. low polar orbiter chosen for this case, the sensitivity to this parameter in the
bent pipe data is much greater than it would be for a high equatorial orbiter.

‘he bent pipe Doppler data also exhibit much larger sensitivity to lander spin axis knowledge and longitude knowledge
than the traditional Earth based lander Doppler. Figure 4 clearly indicates that the partials for spin axis and longitude arc
approximately 10 to 20 times larger than the corresponding partialst or the conventional Doppler.

Unfortunately, this enhanced sensitivity does little good, if it is not possible to separate the lander position from other
parameters. Detailed covariance analysis of a similar problem (Ref. 2), indicates that tracking arcs on the order of a
week to a month are required to completely separate tbc knowledge of the orbiter position and the lander position. Single
passes are extremely poor in the ability to separate the two spacecraft. The reason for this is clearly indicated in Figure




s. The partial derivatives of lander position and orbiter epoch state. arc given over @ Single pass (the first pass in the data
arc). The similarity in structure between the two sets of partials, €specially the orbiter Cartesian x, and the lander z-
height location, make it very nearly impossible to separate the position estimates [OF the two spacecraft given a short
data arc.
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Figure 3: Comparison of bent pipe range and traditional rangelander Y -height sensitivity

tander Longitude Partia! Derivatives (Doppler)

Lander Spin Axis Partial Derivatives (Doppler)
e I

T . . S
0011 ‘ ‘ ‘ ory \ A T PR
4 1 3 +4 3 .
4 + 4+ + oy gyt R +
! + 4 A ] 5 4‘31 + :a . Fte o+ 44 + 4*
004 1 4 — S e +
+ H 3 % E + ] 3 T 1
+ Y + + + 4 v; +
5 + 1y 3 **i + =4 + . 7 s + +
E o005 1‘*“3';“”1 | ¢ ofedoge oogbb"“\\\i\\..“tllo
2 T4 1+ + = . T 4 + +
E ER i ::33“:$**§1"‘1 Y g 1‘4 :‘ 4, *§ “++ +
- P : LIV AE I T 4 + 4 + 1 3 + AR + AP Yo + + o+
+
£ doboetd 302936°§¢qgojg¢~oooogoa 1 § Sshata s O gt .o,
2 : ty i3 4 o4 9 K: v, LIPITIAE I P T
S PR i 3} $ + #1 g PO * 4‘ a1 + 1 + 4
ey !}‘I:i 3 t‘, & + AR HE | *o‘i + ’*O
£ o005t , ¢+ 4 4 e E L AL R L i
¢ o 4 * ‘1 + | + 3 "
+ + 3 + +
4+t - _— + 4
+  BenlPipe Doppler . i sl + R o . L N i
-0.01 y ! o DirectLander/Earth Dopparr + 0 5 10 15 20 25 3 0>
L . Time {days) .=
+ +  BentPipe Doppler
Dwect Lander/Earth Doppler
L 1 o _ - L— e [¢] ppl
0015, 5 10 15 20 25 30 35  Doppler |

Time (days)

Figure 4. Comparison of bentpipe & traditional Doppler sensitivities to lander location spin axis & longitude
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Operational Considerations

It is apparent that there is a high probability that coherent bent pipe Doppler and ranging data will provide sufficient
information to allow the navigation of an orbiter and a lander at Mars. However, a brief examination of the operational
feasibility of such a system from a ground and spacecraft hardware position isin order, Given current analog phase-lock-
loop (1'1.1,) receivers used by interplanetary spacecraft, the procedur e for acquiring a coherent bent pipe link would be to,
first, sweep the uplink to the first spacecraft, sSlow enough and wide enough to ensure lock. Then repeat the sweep to
attempt to acquire lock of the second spacecraft. This second sweep will have to be slow enough that the first spacecraft
does not drop lock. Then a sweep of the signa to reacquire the downlink signa at the first spacecraft may be needed.
Finally the signal is received on the ground and a coherent link is established. This process would place considerable
overhead on the tracking bandwidth of the spacecraft receivers, the width of the total tracking loop, and the amount of
time required to acquire a signal. Given that for the geometry identified in this short study, the longest pass of bent pipe
Doppler data acquired is 12 minutes long, it seems improbable that a link could be set up in this time. However if the
orbiter were in a somewhat higher orbit, and directly controlled receivers used, it should be possible to set up a link.
However the need for a controlled receiver could possibly offset the cost savings accrued due to the lack of a required
direct to Earth link.

Once a coherent link is set up, if the frequency shifts too much or too quickly radio lock may be lost. Given that the
radio signal to be received by the spacecraft will have the Doppler shifts of multiple legs it is of some concern that the
total shift would be too great to maintain lock. Figure 6 shows the range rates for the lander and the orbiter for both bent
pipe and traditional tracking methods. It can be seen that the motion of Mars relative to the Earth station is the dominant
error source and the summation of the two signals would result in less than 40% increase in maximum Doppler shift over
that from conventional Doppler. Thus it is unlikely that this aone could preclude the acquisition of bent pipe Doppler
data.

Conclusion

Coherent bent pipe Doppler and ranging data can provide useful information for the navigation of multiple spacecraft at a
given target which is independent of the frequency used on the inter-spacecraft link. However, the operational
complexities involved in acquiring a link would most likely require the use of a controlled receiver, rather than the
analog 1'1.1. receivers currently used for the majority of deep space missions and would preclude the acquisition of data
during extremely short visibility periods. Consequently, this datatype would not be useable for the support of a lander
and a low mapping orbiter of the Mars Observer or Mars Global Qurveyor type. 1 lowever, for some types Of missions




such a system could significantly decreascthe resource conflicts inherentin supporting multiple spacecraft at a single
source.

More study isnceded of the detailed requirements on the spacecraft telecommunications system of acquiring a coherent
bent pipe link. Additionally, the ability to separate the position knowledge of alander and an orbiter or of two orbiters
needsto be more fully investigated than was possible in the scope. of the study. Finally, other data types such as two-
way coherent telemetered Doppler between an orbiter and a lander shouldbe investigated. This data has similar
information content, and fewer scparability problems, but may have additional the.oretica and implementation obstacles.

Range Rate ror Mars Orluter and Lander
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Figure 6: Comparison of range rates for various combinations of lander and orbiter observations
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